In presenting an overview of the cirrus clouds comprehensively studied by ground-based and airborne sensors
Introduction
A major focus of climate research is, of necessity, the climatological characterization of the current state of the cloudy atmosphere. Such knowledge is requisite in order to assess the validity of cloud predictions from global general circulation models and also, in general, to better understand the effects of cloud radiative forcing and feedbacks on climate, present or future. The essentially continuous observations provided by earthorbiting satellites obviously have significant advantages in this endeavor, and the International Satellite Cloud Climatology Project (ISCCP) represents a longterm program to employ satellite data to gain knowledge of the amounts and types of cloud cover ( Schiffer and Rossow 1983) . Unfortunately, whereas cirrus clouds are certainly an important component of this dataset, it is recognized that they represent a particularly difficult cloud category to detect and categorize. This is because cirrus clouds are composed of relatively dilute assemblies (i.e., in comparison to water clouds ) of complexly shaped ice crystals that are by definition optically thin in the visible and greybody emitters in the infrared spectral regions (Piatt et al. 1987) .
To help overcome the deficiencies in our basic knowledge of cirrus clouds and improve our ability to characterize them from satellite radiance measurements, the First ISCCP Region Experiment (FIRE) has been established (Cox et al. 1987 Pulses averaged 1 -I 0 I -10 23200 1 1000 -20000
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The Intensive Field

Vertical atmospheric and aerosol structures
Over the case study period from 0000 (all times UTC) 5 December to 2400 6 December 1991, three separate occurrences of cirrus clouds were comprehensively studied from the Hub site. However, for the current purposes it is useful to begin our examination of the local atmospheric and aerosol vertical structures at 0000 3 December, just prior to the spectacular twilight observations on the evening of 3 December and dawn of 4 December.
During the early portion of the case study period (0000 3 December-0000 5 December), the upper-tropospheric flow pattern over North America was dominated by a single high-amplitude troughridge system. As shown in Fig. la, at 1200 Figure 2 shows the thermodynamic and wind structure of the system along a cross section "folded" across the trough axis roughly normal to the axis of the jet stream (see Fig. la ). An elevated frontal zone associated with the most intense region of cyclonic shear vorticity in the northwesterly jet extended from the trough axis southwestward. Isentropic potential vorticity (IPV) in this cross section exhibits a large discontinuity near the frontal interface extending down to near the 500-rob level. This feature was continuously observed at lower levels with the passage of time and could still be recognized as a distinct entity 36 h later. Given a mean advective speed of 20 m s -_ , the longevity of this feature suggests an along-trajectory length scale of more than 2500 km. This illustrates the large geographical extent of this feature. Note that the boundaries of all cirrus clouds observed over this 4-day period by the Hub lidar and radar systems (see next section) are also shown as the stippled areas in these figures. (Fig. lh) , the jet-trough system had propagated eastward, resulting in a more zonal flow pattern over much of western North America. This process is also evident in the time-height cross sections shown in Fig. 3 respondingly increased from about 8 to 12 km. However, a closed low pressure system, which appears to have played a role in moisturizing the upper-tropospheric flow and the subsequent production of cirrus clouds over the southern Great Plains, began intensifying to the west of the Baja peninsula.
By 4 December
By 0000 5 December, a subtropical jet stream extended from the Four Comers region eastward along the Kansas-Oklahoma border ( Based on this analysis, we conclude that the cirrus observed over Coffeyville on the night of 6 December, and likely on 5 December as well, existed within a layer bounded from below by the elevated frontal surface and above by the tropopanse, such that the cirrus clouds were in direct contact both with stratospheric air at the tropopause and with a layer of midtropospheric air of very recent stratospheric origin.
The layer of enhanced static stability attributed to this upper front continues to be evident in the potential temperature cross sections at 1200 6 December and 1800 6 December (not shown), although the frontal zone appears to be disconnected from the tropopause, and the IPV discontinuity is no longer clearly evident. This 6-hour period roughly brackets the third cirrus event of this case study.
Views of the changes in the stratospheric-volcanic aerosol scattering properties derived from the nocturnal Raman lidar measurements over the corresponding period are given in Figs. 7a-d (see also Ferrare et al. 1992) . This data sequence reveals that the main body of the aerosol layer was present close to the bottom of the stratosphere over the period and also illustrates the relatively rapid height increase in the lower aerosol boundary over the night of 4 December in connection with the local deamplification of the upper-level pattern. The presence of upper-tropospheric cirrus clouds, which are at times only narrowly separated from the profiles derived from both day and night CO2-1idar measurements bracketing the case study period are provided in Fig. 8 . Although the backscattering properties of atmospheric aerosols at the laser wavelengths of 0.531 and 10.6/zm can differ, both lidars indicate similar temporal variations in the stratospheric aerosol.
In addition, the CO2-1idar data clearly show the major post-Pinatubo enhancement of tropospheric aerosols (Post et al. 1992) , where the day to day aerosol variations between 8.0 and 13.0 km (i.e., in the cirrus cloud developmental region) are particularly significant.
Finally, the 3-day sequence of local vertical ozone profiles in Fig. 6 also provides evidence for variable regions of enhanced ozone concentrations within the troposphere.
These direct indications of stratospheric-tropospheric air exchanges suggest that a variety of upwind mixing processes were active in the upper air flow pattern that swept over the IFO II project area, even through only two tropopause folds were identified locally in our previous analyses. In the following section, detailed cloud remote sensing and supporting in sire data are examined to investigate the possible effects of the jet streak dynamical processes on cirrus cloud formation and structure.
Remote sensing and in situ cloud haeasurements a. 000(9-1000 5 December cirrus clouds
As can be seen schematically in Fig. 3 , although thin scattered cirrus clouds began to make their initial appearance by midday on 4 December, it was not until the arrival of the jet streak after sunset that local cirrus cloud development became significant (Fig. 4) . The passage of this cirrus streak is illustrated in Fig. 9 , with PDL time-height displays of range-normalized returned power (P) and linear depolarization ratio (6, the ratio of the cross to parallel polarized signals returned from the vertically polarized laser pulse) and coaligned narrowbeam midinfrared radiometer atmospheric brightness temperature Ten. As is also apparent in the lower-resolution Raman lidar data (Fig. 7b) , the most long-lived feature of this cloud system was a diffuse tropopause-topped cirrus layer, which sporadically increased in vertical extent through the action of fallstreaks, only to subsequently fade back to near the tropopause.
During its most active precipitating stage at _0600, however, this layer appears to have spawned a convective cirrus cloud layer ranging in height from 8.5 to 9.5 kin. Prior cirrus research suggests that a con- The lower cirrus layer, on the other hand, produced considerably stronger laser backscattering, which was at times highly depolarized, and can be associated with the highest measured values of Ten. As shown in the top panel of Fig. 9 , Ten gradually increased from the atmospheric background temperature of -70"C to -60"C at about 0600 (i.e., until the lower cirrus layer started to become established).
Thereafter, even as the upper layer diminished in thickness, Tar approached -40*C on two occasions ( _0750 and 0850) when relatively deep and strongly scattering fallstreaks developed in the trailing cirrus layer. Higher-resolution details of the lower cloud structures are provided in Note that the cirrus precipitationinduced humidification of the subcloud region shown by the Raman water vapor profiles (Fig. I0) Fig. 1 lb) . The combined evidence shows that the two cloud layers have dissimilar microstructures, with the higher cirrus displaying much lower ice crystal concentrations and different crystal shapes (according to the lidar 6 values).
In addition, at cloud top at 075 I, FSSP particle concentrations (not shown ) of _0.2 cm -3 are found without any indications of ice crystals at a temperature of -64°C, indicating quite small ice or haze particles.
The 2D-C probe ice crystal concentrations in the lower cloud often reach 200 L -_ and actually peak at _600 L -_ ( 2-s averages are given in Fig. 12) , which represents the highest value by far measured by any aircraft during the campaign (or elsewhere to the best of our knowledge). The photomicrograph examples of ice particles captured by a Formvar replicator device from 0800 to 0815 given in Fig. 13 indicate complicated radial particle shapes (that were generally too fragile to survive impaction intact), which can be said to be in keeping with the strong laser depolarization (6 _ 0.65) noted at this time and altitude (see Fig. 1 lb) .
The variations in CN counts and ozone concentrations in the bottom panel of Fig. 12 have important implications for these unusual cirrus cloud properties. We provide these data in Fig. 14 Time, UTC profiles obtained during the ascent (0612-0750) and descent (0751-0847) portions of the flight. It is apparent that CN counts are significantly enhanced in the height interval 7.0-l 1.0 km encompassing the lower cirrus cloud layer, with offscale counts of > 1000 cm -3 at -9.0 km present during the descent spiral. Figure 15 more directly illustrates the association of the high ice crystal concentrations with the upper portion of the aerosol layer. The ozone profiles (Fig. 14) tend to dip in the layer containing the greatest CN counts, but they also show increased concentrations of >20 ppb toward the top of the elevated aerosol layer. While the ascent and descent ozone profiles are similar, and are comparable to Fig. 6b data, those for the CN are sufficiently different to suggest considerable spatial variability in the aerosol distribution.
(Note also the significant CN variations along the nearly level flight segment in Fig.  12 from 0805-0830.) In summary, the evidence presented here and in section 3 indicates an association between the formation and maintenance of the lower cirrus layer with the cirrus particle evaporation-induced humidification of a region containing elevated ozone The ER-2 CLS height-distance display of Fig. 18 covers 640 km of lower stratospheric and tropospheric aerosol and cloud returns along a north-south flight track at _95°W latitude from Coffeyville (left) to near Houston, Texas. Note that the atmospheric cross section in Fig. 5 corresponds to a portion of this flight track and reveals the relationship between the high altitude aerosols and clouds (colored blue and white, respectively) and the vigorous jet streak defined by the 0000 6 December synoptic analysis. The lidar aerosol backscatter (at 0.53-/zm wavelength)
illustrates the enrichment of aerosols at the base of the stratosphere caused by the jet stream circulation. This is a powerful representation of the vertical and latitudinal redistribution of volcanic aerosols from the tropical belt into which the debris were originally injected. The wedged-shaped region of enhanced aerosols extending just above the gradually lowering surface of the tropopause (from 17.0 to 15.5 km, center to left) appears to be tenuously connected to the higher stratospheric aerosol layer at a distance of _500 km (not shown) and also appears to slope downward toward the cirrus cloud tops ("overexposed" white regions in this image to highlight aerosol scattering) about 150km north of Coffeyville.
The subsequent local development of the jet streak cirrus band (see Fig. 4b for satellite view) is traced in the PDL height-time returned power and 6 displays of Fig. 19 Fig. 20 are higher-resolution displays of three such regions, which clearly identify the Mie scattering effects of rapidly growing haze particles in generating cell heads (Sassen 1992 ), despite the extremely low temperatures approaching -500C (see figure caption). Although in the infrared window region the verniers of haze particles do not appear to have provided T, tf signatures (Fig. 20c) 
c. 1200-1700 6 December cirrus clouds
The properties of the final cirrus cloud system of the case study period differ sharply from those described above, although Fig. 3 suggests that this relatively lowlevel cirrus (or altostratus) cloud mass represents a continuation of the precipitating cloud trail of the cirrus described above. Fig. 22 . Although these west-east VIL scans portray the cloud conditions only in the vicinity of the Hub ( _ 11 km to the northeast of the VIL site), the scans reveal the presence of strongly attenuating cirrus or altostratus (Fig. 22a, left) and supercooled liquid altocumulus cloud layers, which were initially found embedded in the ice clouds (Fig. 22a, right) and later, alone, produced streaks of ice virga (Fig. 22b,  right) . Polarization lidar and aircraft measurements over the Hub confirm the predominantly liquid cloud phase of the altocumulus, which at an altitude of --7.0 km corresponds to the peak in the CCN concentration profile measured by the Saberliner.
Discussion
We have provided indirect evidence for cirrus cloud formation and maintenance processes contaminated by relatively abundant volcanic cloud-forming nuclei, but fundamental questions must be addressed to justify this linkage between sulfur-based aerosols of stratospheric origin and cirrus cloud microphysics.
Fortunately, recent research has already produced the framework to evaluate this interplay of rather exotic cloud processes. These studies include polarization iidar measurements of lower stratospheric volcanic aerosols and tropopause-topped corona-producing cirrus clouds, laboratory aerosol scattering simulations, and numerical model findings concerning the basic nature of cirrus particle nucleation at temperatures typical of the upper troposphere.
Two pathways from sulfuric acid droplet aerosol to cirrus cloud ice crystal have recently received experimental and theoretical attention. Fig. 12 ). The crystals at left were collected at a temperature of --40"C from 0800-0802 as the aircraft first penetrated the cloud top. while those at right at -37.7*(2 from 0818-0820 during a leg at 9.45 kin. These complex column/sector radial crystals generated the unusually strong laser depolarization shown in Fig. lib . The cause of the unusual impacted-particle ringed structures, particularly evident at right, is uncertain. A 100-_m scale is inserted at top left for reference. VoL52. NoI The indirect path from sulfuric acid droplet to ice crystal involves the homogeneous freezing of haze particles formed on ammonium sulfate cloud condensation nuclei CCN that were derived from acid droplets. The chemistry of this process leading to the neutralization of the acid solution readily follows when droplets, especially if they are evaporating, are exposed to ammonia gas to produce ammonium sulfate crystals (e.g., see Rubel and Gentry 1985) . Since ammonia gas is generated at the earth's surface primarily through biological activity (Georgii and MiJller 1974) 
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tralize the acid droplet population, it remains ambiguous which solution droplet freezing process would dominate cirrus cloud particle production following the type of stratospheric-tropospheric exchanges indicated here.
Although the distinction between these two nucleation processes is not of great significance to the current study in relation to the documentation of the appropriate atmospheric structures and the resultant effects on cirrus cloud properties, the lidar depolarization data suggest that both ice nucleation mechanisms may have been active at times. If we equate the atypically high 6 values with a dominance of the complicated ice crystal shapes generated from the homogeneous freezing of sulfuric acid droplets, and the unusually low 6 values with haze particles derived from relatively large ammonium sulfate CCN particles to yield the variety of crystal shapes commonly observed in cirrus, then the PDL depolarization data could be applied to discriminating the two particle-forming mechanisms at temperatures _< -40"C. We note that (5_> 0.55 were measured only occasionally but predominantly within generating regions near the tops of the lower and upper cirrus cloud layers on the nights of 5 and 6 December, respectively, whereas the strongly scattering 6 _< 0.1 cell heads were found only on 6 December at the tops of the fallstreaks forming the lower layer. This great diversity in lidar depolarization suggests that the stratospheric aerosol content within the cirrus cloud altitude range was variable in time and space. .,2 e" Fig. 4 ).
Conclusions
This intensively studied case study from the Project FIRE IFO II campaign has provided an opportunity to examine the effects of a series of jet streaks on the formation of cirrus clouds at midlatitudes. The linkage between jet stream dynamics and citrus clouds has long been recognized on the basis of satellite imagery (Whitney et al. 1966) , and the characteristics of the cirrus have recently been the subject of numerical studies (Dun'an and Weber 1988) .
In shown the significant decline in the sulfuric acid aerosol that occurs in the midtroposphere ( Yamato and Ono 1989), a phenomenon that is also suggested by satellite studies (Kent et al. 1991 ) . Although the stratospheric CCN introduced into lower tropospheric clouds may be overwhelmed by the abundant background CCN population derived from the surface, and thus be of little consequence to climate, it is possible that precipitation could be enhanced from cirrus particle seeding effects, thereby affecting the hydrological cycle. This lies clearly outside the scope of this paper, but we can point out that a similar hypothesis was suggested many years ago in connection with the fallout of meteoric dust introduced into the upper atmosphere following major meteor showers (Bowen 1956 ). 
